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1
SWITCHING POWER SUPPLY DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a switching power supply
device which stabilizes an output voltage using a digital con-
trol circuit.

2. Description of the Related Art

In a related art switching power supply device, an output
voltage is stabilized by, for example, pulse width modulation
(PWM) control or pulse frequency modulation (PFM) control
using a highly intelligent digital control circuit with, for
example, a digital processor. Especially recently, it is urgently
required to reduce a transient fluctuation in an output voltage
in response to a sudden change in an external environment of
the power supply device.

Exemplary situations of sudden changes in an external
environment of the switching power supply device may
include a sudden change in an input voltage during operation
or a sudden increase or decrease in an output current in
response to a change in a state of a load. A starting operation
of the switching power supply device when an input voltage
is placed in the switching power supply device which is not in
operation also becomes a problem.

For example, a switching power supply device used in
information and communication equipment or a server needs
to have high speed response characteristics of output voltage
control in response to a sudden change in the load because a
situation in which an output current suddenly changes from
about zero to rated load may occur frequently. Further, in a
system in which a plurality of board substrates are supplied
with voltage from a single input power line, it is assumed that,
when another board substrate is hot swapped during mainte-
nance, a loading state of the power source line of the system
changes and an input voltage of the switching power supply
device which receives power supply from the power source
line changes suddenly. Therefore, the switching power supply
device used in this kind of system needs to have high speed
response characteristics of output voltage control in response
to a sudden change in the input. As a general matter, if over-
shoot or vibration occur when an input voltage is placed and
an output voltage increases from zero to reach a predeter-
mined output voltage, there is a possibility that electronic
equipment as a load may malfunction or break down. There-
fore, a switching power supply device needs to start with an
output voltage thereof increasing monotonously.

In order to solve these problems, as disclosed in, for
example, PTL 1, a switching power supply device which
obtains a signal corresponding to an input voltage during
operation (input voltage signal), a signal corresponding to an
output voltage (output voltage signal) and a signal corre-
sponding to an output voltage differential value which repre-
sents a change in the output voltage (output differential sig-
nal), performs a predetermined digital calculation process on
the basis of each signal, and determines ON time and OFF
time of a main switching element is proposed. In this switch-
ing power supply device, a control function formula which is
a negatively sloped linear function and which prescribes a
relationship between an output voltage signal and an output
differential value is defined in a calculation means of a control
circuit. The calculation means samples the input voltage sig-
nal, the output voltage signal and the output differential signal
at a timing synchronized with the switching cycle of the main
switching element, and calculates the ON time and OFF time
of the main switching elements thereafter so as to satisfy the
control function formula described above. The drive pulse
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generating means generates drive pulses which turn the main
switching element ON and OFF, on the basis of the ON and
OFF time determined by the calculation means. At this time,
the output differential signal is obtained by a capacitor current
detection means which measures a current of a smoothing
capacitor, or a differential means which differentiates the
output voltage signal.

CITATION LIST
Patent Literature

PTL 1: Japanese Unexamined Patent Application Publica-
tion No. 2011-91974

SUMMARY OF THE INVENTION

However, in the case of the switching power supply device
of PTL 1, both the input voltage signal and the output voltage
signal are obtained by simply digitizing analog information
of the input voltage and the output voltage by an A/D con-
verter and thus it is not easy to obtain the output differential
signal. For example, in a method in which a current which
flows in a smoothing capacitor is measured and analog infor-
mation thereof'is digitized to obtain output differential signal,
it is usually required that a current-voltage conversion circuit
is provided by which a capacitor current is converted into a
voltage signal and then the voltage signal is digitized by the
A/D converter. There is therefore a problem that the power
supply device becomes large in size and that loss increases. In
a method in which an output voltage signal digitized by an
A/D converter is differentiated to obtain an output differential
signal, a delay in control due to an increase in the number of
times of calculation becomes a problem. Therefore, in order
to perform a high-speed operation of the control circuit, it has
been necessary to lower the function of the control circuit so
as to reduce the number of times of calculation or to use an
expensive microcomputer capable of high-speed operation.

The present invention has been made in view of the afore-
mentioned related art, and an object thereof is to provide a
digital control switching power supply device provided with
high speed response performance for reducing a fluctuation in
a transient output voltage in response to a sudden change in
external environments of the power supply device, and
capable of reducing size and cost.

The present invention is a switching power supply device
which includes a power converter circuit including a main
switching element which performs ON and OFF operations
and a control circuit which stabilizes an output voltage by
controlling the ON and OFF operations, wherein: the control
circuit includes a calculation means which determines ON
time and OFF time of the main switching element, and a drive
pulse generating means which generates a drive pulse which
turns the main switching element ON and OFF; a control
function formula is defined in the calculation means, the
control function formula being a continuous function formula
which includes, as variables, an output voltage and an output
differential value representing a fluctuation in the output volt-
age, and a relationship between the two variables being that
only a single output differential value exists corresponding to
a single value of the output voltage, the control function
formula prescribing that a corresponding output differential
value becomes positive when the output voltage is below a
target value of stabilization of the output voltage, that the
corresponding output differential value becomes negative
when the output voltage is above the target value, and that a
corresponding output differential value becomes zero when
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the output voltage is equal to the target value; the calculation
means samples an input voltage signal of which input voltage
has been detected and an output voltage signal of which
output voltage has been detected or estimated at timings in
synchronization with a switching cycle of the main switching
element, performs a calculation process to calculate at least
one of ON time and OFF time of the main switching element
in the switching cycle after the sampling timing such that the
output voltage signal and the output differential value at the
next sampling timing or thereafter derived on the basis of the
two sampled signals satisty the relationship prescribed in the
control function formula; and the drive pulse generating
means generates the drive pulses such that the main switching
element is turned ON and OFF in a switching cycle after the
sampling timing of the above-described two signals on the
basis of the ON time and the OFF time determined by the
calculation means.

The calculation means may perform the sampling of each
signal and the calculation process for calculating at least one
of'the ON time and the OFF time for every switching cycle of
the main switching element. In that case, the power converter
circuit stops supplying power to an output from an input DC
power supply and excites a built-in inductance element by the
input DC power supply during an ON period of the main
switching element, and releases excitation energy accumu-
lated in the inductance element to the output and supplies
power during an OFF period of the main switching element;
and the calculation means performs the sampling of each
signal during the period during which the inductance element
is releasing excitation energy. The drive pulse generation
means generates a drive pulse in which the same periods are
defined as the ON period of the main switching element
before and after a midpoint of the sampling cycle of each
signal, or generates a drive pulse in which the same periods
are defined as the OFF period of the main switching element
before and after the midpoint of the cycle of sampling.

The power converter circuit may supply power to an output
from the input DC power supply and excite a built-in induc-
tance element by the input DC power supply during the ON
period of the main switching element, and release excitation
energy accumulated in the inductance element to the output
s0 as to continuously supply the power during the OFF period
of the main switching element; the calculation means may
perform the sampling of each signal and the calculation pro-
cess for calculating at least one of the ON time and OFF time
in half the cycle of the switching cycle of the main switching
element; and the drive pulse generation means may generate
a drive pulse in which periods before and after a second
sampling timing in one switching cycle are defined as the ON
period of the main switching element or generate a drive pulse
in which periods before and after a second sampling timing in
one switching cycle are defined as the OFF period of the main
switching element.

The control circuit is provided with a state variable estima-
tion means which estimates, using a detected value of a spe-
cific circuit component, an operating state of a location which
is difficult to be detected; the state variable estimation means
obtains, at the timing at which the calculation means samples
the input voltage signal, an input voltage signal and an output
voltage signal of which output voltage has been detected, and
obtains the ON time and the OFF time determined by the
calculation means immediately therebefore and, on the basis
of'the obtained input voltage signal, the output voltage signal,
the ON time and the OFF time, performs a process to estimate
an output voltage signal at the next sampling timing; and the
calculation means samples the input voltage signal, the output
voltage signal, the ON time, the OFF time and the output
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voltage signal estimated by the state variable estimation
means, and performs the above-described calculation process
on the basis thereof.

On the basis of the obtained input voltage signal, the output
voltage signal, the ON time and the OFF time, the state
variable estimation means may perform a process to estimate
an output voltage signal at the next sampling timing and a
voltage drop component caused by parasitic impedance
which exists on a path on which an output current flows; and
the calculation means may sample the input voltage signal,
the output voltage signal, the ON time and the OFF time, and
the output voltage signal and the voltage drop component
estimated by the state variable estimation means and perform
the above-described calculation process on the basis thereof.
Further, in the control function formula defined in the calcu-
lation means, the relationship between the output voltage and
the output differential value may be prescribed by a nega-
tively sloped linear function formula.

In the control function formula defined in the calculation
means, the output differential value is prescribed to be con-
stant irrespective of the output voltage in a range in which a
difference between the output voltage and the target value
exceeds a predetermined value.

The calculation means calculates both the ON time and the
OFF time such that the total of the ON time and the OFF time
becomes constant. Alternatively, the calculation means cal-
culates the OFF time such that the ON time becomes constant.
Alternatively, the calculation means may calculate the ON
time such that the OFF time becomes constant. In that case,
when the ON time and the OFF time determined by the
calculation means exceed the maximum time ratio which is
variable as an ON-time ratio, the drive pulse generation
means generates a drive pulse with which the main switching
element is turned ON or OFF at the maximum time ratio; and
when the ON time and the OFF time determined by the
calculation means are below the minimum time ratio which is
variable as an ON-time ratio, the drive pulse generation
means generates a drive pulse with which the main switching
element is turned ON or OFF at the minimum time ratio.

The calculation means may calculate both the ON time and
the OFF time such that the ON-time ratio to the switching
cycle becomes constant. In that case, when the total value of
the ON time and the OFF time determined by the calculation
means exceeds the maximum time which is variable, the drive
pulse generating means generates a drive pulse which turns
the main switching element ON and OFF in the maximum
time; and when the total value of the ON time and the OFF
time determined by the calculation means becomes shorter
than the minimum time which is variable, the drive pulse
generating means generates a drive pulse which turns the
main switching element ON and OFF in the minimum time.

The calculation means performs parameter estimation
about a circuit constant which is initially set as a default value,
and updates the circuit constant such that a difference
between an actual output voltage signal sampled by the cal-
culation means and an output voltage signal at the sampling
timing predicted when the ON time and the OFF time are
determined in the past becomes small. A composite constant
which s a constant constituted by a combination of a plurality
of' the circuit constants is defined, and the parameter estima-
tion is performed in a unit of the composite constant. Further,
the parameter estimation on the basis of the circuit constant or
the composite constant may be performed using the off-line
least square method.

For example, the power converter circuit is a step-down
chopper circuit provided with the main switching element
which turns an input voltage ON and OFF, a rectifying ele-
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ment which is turned ON and OFF complementarily with the
main switching element, and a smoothing inductor and a
smoothing capacitor which smooth intermittent voltages at
both ends of the rectifying element; in the calculation pro-
cessing circuit, a switching cycle T of the main switching
element, inductance L of the smoothing inductor, capacitance
C of the smoothing capacitor, the output current lo and the
composite constants p and Vofs defined by the following
Formulae (1) and (2) using a resistance value R of parasitic
resistance of the smoothing inductor are initially set as default
values,

[Formula 1]

r D
P=3Tc
[Formula 2]
2 2

Vofs = T R-1
ofs_—m ()

the calculation means periodically updates the composite
constants p and Vofs by parameter estimation during a power
supply operation; the parameter estimation is performed by
the calculation means which obtains each value of output
voltage signals Vo(k), Vo(k-1), Vo(k-2), Vi(k-1) and Vi(k-2)
which are detected values sampled for each timing t(k), t(k-1)
and t(k-2), and obtains each value of d(k-1) and d(k-2)
calculated as the time ratio for each timing t(k-1) and t(k-2),
and calculates the composite constants p and Vofs with which
an evaluation function J(N) represented by the following
Formulae (3) to (5) including above-described each value
becomes the minimum.

[Formula 3]
1< 3
J(N) = N; W1(k) - p-v2(k) - Vofs]?
[Formula 4]
v1(k) = Vo(k) — [2- Volk — 1) = Volk — 2)] 4
[Formula 5]
v2(k) = (5)

—Volk — 1) = Volk —2) + Vi(k — 1)-8(k — 1) + Vi(k —=2)-8(k = 2)

Further, the calculation means causes slight diffusion and
fluctuation of the ON time and the OFF time determined
through the above-described calculation process for every
timing at which the parameter estimation is performed, and
samples each signal during a period during which the output
voltage is fluctuated by the diffusion fluctuation to perform
the parameter estimation.

The switching power supply device of the present inven-
tion calculates the ON and OFF time and the like so as to
satisfy the control function described above on the basis of
two signals, i.e., an input voltage signal and an output voltage
signal, which are detected values, and controls ON and OFF
of the main switching element. Therefore, high speed
response characteristics to a sudden change in external envi-
ronments of the power supply device can be implemented by
a simple and inexpensive control circuit.
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Further, by employing a configuration in which an output
voltage signal is estimated using a state variable estimation
means, an influence of an operation delay of the control
circuit can be minimized even if an inexpensive and low-
speed microcomputer is used. Further, by employing a con-
figuration in which the state variable estimation means also
estimates a signal corresponding to an output current (for
example, the voltage drop component), control in consider-
ation of an influence of parasitic impedance on a path in
which the output current flows becomes possible and thus
precision in output voltage control can be improved.

Further, by employing a configuration in which parameter
estimation is performed about a circuit constant initially set as
a default value and the circuit constant is updated periodi-
cally, influences of an individual difference of the impedance
of each circuit device (a resistance value, inductance, capaci-
tance, conduction resistance of semiconductors and the like),
a temperature change and variation with time are reliably
canceled. Therefore, output voltage control can be performed
more precisely.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1isacircuit diagram illustrating a first embodiment of
a switching power supply device of the present invention;

FIG. 2 is a flowchart illustrating a steady-state operation of
the first embodiment of the present invention;

FIG. 3 is a timing diagram illustrating the steady-state
operation of the first embodiment of the present invention;

FIG. 4(a) is a graph of a control function formula illustrat-
ing an operation of the first embodiment of the present inven-
tion when an input voltage is placed;

FIG. 4(b) is a timing diagram of a control function formula
illustrating an operation of the first embodiment of the present
invention when an input voltage is placed;

FIG. 4(c) is a graph illustrating an operation in period B;

FIG. 5(a) is a graph of a variant of the control function
formula of FIG. 4(a);

FIG. 5(b) is a timing diagram illustrating an operation in
the variant;

FIG. 6 is a circuit diagram of a second embodiment of a
switching power supply device of the present invention;

FIG. 7 is a timing diagram illustrating a steady-state opera-
tion of the second embodiment of the present invention;

FIG. 8 is a circuit diagram of a third embodiment of a
switching power supply device of the present invention;

FIG. 9 is a flowchart illustrating a steady-state operation of
the third embodiment of the present invention;

FIG. 10 is a timing diagram illustrating the steady-state
operation of the third embodiment of the present invention;

FIG. 11 is a circuit diagram of a fourth embodiment of a
switching power supply device of the present invention;

FIG. 12 is a flowchart illustrating a steady-state operation
of the fourth embodiment of the present invention;

FIG. 13 is a timing diagram illustrating a normal operation
of the fourth embodiment of the present invention;

FIG. 14 is a circuit diagram of a fiftth embodiment of a
switching power supply device of the present invention;

FIG. 15 is a circuit diagram of a sixth embodiment of a
switching power supply device of the present invention;

FIG. 16 is a circuit diagram of a seventh embodiment of a
switching power supply device of the present invention;

FIG. 17 is a circuit diagram of an eighth embodiment of a
switching power supply device of the present invention;

FIG. 18 is a circuit diagram of a ninth embodiment of a
switching power supply device of the present invention;
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FIG. 19 is a circuit diagram of a tenth embodiment of a
switching power supply device of the present invention;

FIG. 20 is a circuit diagram of an eleventh embodiment of
a switching power supply device of the present invention;

FIG. 21 is a flowchart illustrating a steady-state operation
of the eleventh embodiment of the present invention;

FIG. 22 is a circuit diagram illustrating a twelfth embodi-
ment of a switching power supply device of the present inven-
tion;

FIG. 23 is a timing diagram illustrating the steady-state
operation of the twelfth embodiment of the present invention;

FIG. 24(a) is a graph of another variant of the control
function formula; and

FIG. 24(b) is a graph illustrating an example of an inap-
propriate control function formula.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Hereinafter, a first embodiment of a switching power sup-
ply device of the present invention will be described with
reference to FIGS. 1to 5. A switching power supply device 10
of the first embodiment includes: a main switching element
14 which turns an input voltage supplied from an input DC
power supply 12 ON and OFF; a rectifying element 16 which
is connected between an output side of the main switching
element 14 and the ground and is turned ON and OFF comple-
mentarily with the main switching element 14; and a smooth-
ing inductor 18 and a smoothing capacitor 20 which alto-
gether constitute a low pass filter that smoothes intermittent
voltages generated at both ends of the rectifying element 16.
A DC output voltage generated at both ends of the smoothing
capacitor 20 is supplied to a load 22. The main switching
element 14 and the rectifying element 16 are N-channel
MOSFETs and are turned ON and OFF by drive pulses of a
predetermined time ratio output from a control circuit 24
which stabilizes output voltages.

A circuit of this switching power supply device 10 is a
common power converter circuit called a step-down chopper
circuit which supplies the output side load 22 with power
from the input DC power supply 12 during an ON period of
the main switching element 14 and, at the same time, excites
the built-in smoothing inductor 18 by the input DC power
supply 12. Further, the switching power supply device 10
operates to continue power supply to the load 22 by releasing
excitation energy accumulated in the smoothing inductor 18
also during the OFF period of the main switching element 14.

The control circuit 24 includes a plurality of analog-to-
digital converters (hereafter, referred to as “A/D converters™)
26a and 265, a calculation means 28 and a drive pulse gen-
erating means 30. Analog information of which input voltage
has been detected is input in the A/D converter 26a. The A/D
converter 26a samples the input analog information at tim-
ings in synchronization with a switching cycle of the main
switching element 14, i.e., at predetermined timings during
the ON time of the main switching element 14 or during a
period during which the smoothing inductor 18 is releasing
the excitation energy. The A/D converter 26a converts the
sampled analog information into an input voltage signal Vi as
digital information and outputs the same. Analog information
of' which output voltage has been detected is input in the A/D
converter 265, which converts the input analog information
into an output voltage signal Vo as digital information in a
similar sampling cycle and outputs the same.

A control function formula which includes an output volt-
age and an output differential value as variables and pre-
scribes a relationship between these variables is defined in the
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calculation means 28. The control function formula is a con-
tinuous function formula which includes a target value of
stabilization of the output voltage as a constant and in which
only a single output differential value corresponding to a
single value of the output voltage exists. The control function
formula prescribes the following relationships: when an out-
put voltage is in below the target value, a corresponding
output differential value is positive; when an output voltage is
above the target value, a corresponding output differential
value is negative; and when an output voltage is equal to the
target value, a corresponding output differential value is zero.

Here, the control function formula is a negatively sloped
linear function formula which, in particular, prescribes the
relationship between the output voltage and the output differ-
ential value as expressed by Formula (6).

[Formula 6]

1 (6
Vd = —;(Vo — Vref)

In Formula (6), Vo represents the output voltage and Vd
represents the output differential value. T represents a positive
constant and (-1/t) represents the slope. Vref'is a target value
of a stabilized output voltage. The output differential value
Vd corresponds to a value obtained by dividing a capacitor
current Ic which flows in the smoothing capacitor 20 by the
capacitance C.

The calculation means 28 samples, from the A/D convert-
ers 26a and 265 in the sampling cycle described above, an
input voltage signal Vi of which input voltage is detected and
an output voltage signal Vo of which output voltage is
detected. The calculation means 28 then performs a predeter-
mined calculation process on the basis of these two signals
and the like and calculates the ON time and the OFF time of
the main switching element 14 after the sampling such that a
relationship between an output voltage Vo to be detected at
the next sampling timing and an output differential value Vd
at that time satisfy Formula (6). Here, the ON and OFF time
are calculated under conditions that the total of the ON and
OFF time is kept constant and that certain PWM control is
performed such that the switching cycle becomes constant.

The drive pulse generating means 30 generates a drive
pulse V14 for the main switching element 14 and a drive pulse
V16 for the rectifying element 16 on the basis of the ON and
OFF time (the switching cycle and a time ratio d in which the
main switching element is turned ON) determined by the
calculation means 28. The drive pulse V14 has a certain
switching cycle T. The drive pulse V14 indicates a high level
during a period of the time ratio 8 during which the main
switching element 14 is turned ON and indicates a low level
during other periods. The drive pulse V16 is a pulse voltage
synchronized with and having the opposite phase with the
drive pulse V14. The drive pulse V16 indicates a low level
during a period of the time ratio d during which the rectifying
element 16 is turned OFF and indicates a high level during
other periods.

Hereinafter, an operation of the switching power supply
device 10 will be described. Here, it is assumed that the time
required for various calculation processes and the like per-
formed in the control circuit 24 is sufficiently short and thus
can be ignored. FIGS. 2 and 3 each illustrate that the switch-
ing power supply device 10 is performing a steady-state
operation after input is placed therein. A cycle in which the
calculation means 28 samples each signal is T, which is the
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same as the switching cycle. The calculation means 28
samples at timings t(k-1), t(k), t(k+1) and t(k+2) for each
sampling cycle T.

In the switching power supply device 10, even during the
steady-state operation, the ON and OFF time of the main
switching element 14 change slightly for each switching
cycle due to influences of relatively small disturbances (e.g.,
a change in the ambient temperature). Such a slight change is
exaggerated in FIG. 3 for the sake of convenience of illustra-
tion of the steady-state operation.

First, as illustrated in FIG. 2, the calculation means 28
obtains, at timing t(k), a time ratio d(k-1) which the calcula-
tion means 28 determined before t(k) and also obtains Vi(k-1)
and Vo(k-1) which the calculation means 28 sampled before
t(k) (step S11). At the same timing t(k), the calculation means
28 samples an input voltage signal Vi(k) and an output voltage
signal Vo(k) (step S12). Then the calculation means 28 per-
forms a predetermined calculation process on the basis of the
sampled signals Vi(k) and Vo(k), the past time ratio d(k-1),
the past input voltage signals Vi(k-1) and the past output
voltage signal Vo(k-1), and calculates the next time ratio d(k)
of the main switching element 14 (step S13). The time ratio
d(k) is defined by Formula (7).

[Formula 7]

o

ton(k) _T- woff (k)

o) = —% T

In Formula (7), T represents a switching cycle and ton(k)
and toff(k) each represents ON and OFF time of the main
switching element 14.

Hereinafter, details of the calculation process in the calcu-
lation means 28 to obtain the time ratio d(k) will be described.
Since the slope of the capacitor current Ic which flows in the
smoothing capacitor 20 is proportional to the reciprocal of the
inductance L of the smoothing inductor 18, a capacitor cur-
rent Ic(k+1) at the next sampling timing t(k+1) can be
expressed by Formula (8) using each signal sampled at the
timing t(k), and ton(k) and toff(k):

[Formula 8]

Vi(k) - Vo(k) 8

Vo(k)
Ie(k + 1) = Ie(k) + -ton(k) — - -toff (k)

By substituting the ON time ton(k) and the OFF time
toff(k) in Formula (8) by the switching cycle T and the time
ratio 3(k), Formula (9) is obtained. Similarly, Formula (10) is
obtained.

[Formula 9]

T T )
fe(ko+ 1) = fe(k) = 7 - Vitk)-6(k) = 7 - Volk)

[Formula 10]

T T (10)
le(k) = le(k = 1) = 7 Vitk = 1)-0(k = 1) = 7 - Volk = 1)

Further, an output voltage Vo(k+1) at the next sampling
timing t(k+1) can be expressed by Formula (11), and Formula
(12) is obtained similarly.
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[Formula 11]

T (1D
2

C-Volk + 1) = C-Vok) = = [Ie(k + 1) + Ic(k)]

[Formula 12]

C-Volk) = C-Volk — 1) = = [Ie(k) + etk — 1]

T 12)
2

When the capacitor currents Ic(k+1), Ic(k) and Ic(k-1) are
deleted from Formulae (9) to (12), Formula (13) is obtained.
Similarly, when the capacitor currents Ic(k), Ic(k-1) and
Vo(k+1) are deleted from Formulae (9) to (12), Formula (14)
is obtained.

[Formula 13]

Volk + 1) = al - Vo(k) + a2 - Volk — 1)+ bl - u(k) + b2 - u(k — 1) (13)

[Formula 14]

g ek + 1) = 4

(al +a2)-Votk) + a2- Volk — 1)+ 2- bl -u(k) + b2 -u(k — 1)

In Formulae (13) and (14), u(k) and u(k-1) are composite
signals defined as expressed in Formula (15), al, a2, bl and
b2 are composite constants constituted by a combination of
multiple circuit constants of the switching cycle T, the induc-
tance L and the capacitance C and are defined by Formulae
(16) to (18), respectively.

[Formula 15]

u(k) = Vik) - 8(k), utk — 1) = Vitk = 1)-6tk - 1) (15)
[Formula 16]

T? (16)
al=2— ———

[Formula 17]

T2 (1

D=l
@ 2.L.C

[Formula 18]

(18)

The calculation means 28 determines the time ratio d(k)
such that the output voltage Vo to be detected at the next
sampling timing t(k+1) and the output differential value Vd at
that time satisty the relationship defined by Formula (6). If a
concept of sampling timing is included in the control function
formula of Formula (6) and the output differential value Vd is
expressed by the capacitor current Ic and the capacitance C,
Formula (19) can be developed.

[Formula 19]
c a9
Ietk+1) = —?[Vo(k + 1) — Vref]

By substituting Formulae (13) and (14) into Formula (19),
the capacitor current Ic(k+1) and the output voltage Vo(k+1)
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are deleted and Formula is arranged, Formula (20) for calcu-
lating the time ratio (k) is obtained.

[Formula 20]
{(s = 1)-al — a2}Vo(k) + 20
5("):m (s—1)-a2-Volk— 1)+
(s=1)-02-ulk—1)—s-Vref

In Formula (20), s represents (- T/t). According to Formula
(20), information necessary to calculate d(k) except for the
circuit constant and the like set by default is the input voltage
Vi(k), the output voltage Vo(k), Vo(k-1) and the composite
signal u(k-1) which is a product of the input voltage signal
Vi(k-1) and the time ratio d(k-1). Each of the above infor-
mation is known when the sampling timing t(k) has passed,
and it is understood that the time ratio d(k) can be calculated
on the basis of Formula (20).

Asdescribed above, the calculation means 28 calculates, in
step S13, the time ratio 8(k) until the next sampling timing
t(k+1) by substituting the signals and the like obtained in
steps S11 and S12 into Formula (20).

Next, the drive pulse generating means 30 generates the
drive pulse V14 for the main switching element 14 and the
drive pulse V16 for the rectifying element 16 on the basis of
the time ratio d(k) determined in step S13 (step S14). In the
drive pulse V14, the same period is set before and after a
midpoint of the sampling cycle T in the time ratio 3(k) and, in
that period, the drive pulse V14 indicates a high level during
which the main switching element 14 is turned ON. The drive
pulse V16 is a pulse voltage having the opposite phase with
the drive pulse V14 and, in that period of time ratio d(k),
indicates a low level during which the rectifying element 16 is
turned OFF.

PWM control is performed on the switching power supply
device 10 by repeating steps S11 to S14 such that the output
voltage becomes equal to the target value Vref.

Next, a transient operation of the switching power supply
device 10 will be described. Here, an ON-time maximum
time ratio dmax and an ON-time minimum time ratio dmin
are set in the drive pulse V14 which can be generated by the
drive pulse generating means 30. It is considered that the
maximum time ratio dmax is set in a range narrower than
100%, e.g., about 60 to 95%, in order to improve safety of the
power converter circuit or let functional blocks properly func-
tion in synchronization.

A transient operation after the input DC power supply 12 is
placed in the switching power supply device 10 which is not
in operation and until the output voltage reaches the target
value Vref is illustrated in FIG. 4. FIG. 4(a) is a graph in
which the output voltage signal Vo is plotted in the horizontal
axis and the output differential value Vd is plotted in the
vertical axis. A dashed line represents the control function
formula of Formula (6). When the switching power supply
device 10 is not in operation, the output voltage signal Vo is
zero. When input is placed, the output voltage starts increas-
ing, the output voltage signal Vo and the output differential
value Vd change along a locus represented by a solid line, and
the output voltage signal Vo reaches the target value Vref and
becomes stable.

Since a difference between the output voltage signal Vo and
the target value Vref is large during a period A which is the
period immediately after placement of the input as illustrated
in FIG. 4(b), the time ratio d(k) calculated using Formula (20)
unfavorably exceeds the ON-time maximum time ratio dmax.

10

15

20

25

30

35

40

45

50

55

60

65

12

If the time ratio 8(k) calculated by the calculation means 28 is
greater than the maximum time ratio dmax, the drive pulse
generating means 30 uniformly outputs the drive pulse V14 of
the maximum time ratio dmax. Therefore, during the period
A, the output voltage increases rapidly with an extremely
large controlled variable of the maximum time ratio dmax.

during a period B, the difference between the output volt-
age signal Vo and the target value Vref becomes relatively
small and the time ratio d(k) calculated using Formula (20)
decreases below the maximum time ratio dmax. Then, the
drive pulse generating means 30 outputs the drive pulse V14
of the time ratio d(k) and drives the main switching element
14. Thus, the relationship between the output voltage signal
Vo and the output differential value Vd changes along the
dashed line of the graph (that is, while satisfying the relation-
ship of Formula (6)). Specifically, an operation illustrated in
FIG. 4(c) is performed in each switching cycle T. Since For-
mula (6) is a control function formula representing the control
of “first order lag,” the output voltage signal Vo rises along a
curve of an exponential function in which a constant T is set to
a time constant, as illustrated in FIG. 4(b). Then, during a
period C, there is no difference between the output voltage
signal Vo and the target value Vref and the switching power
supply device 10 performs the steady-state operation illus-
trated in FIGS. 2 and 3.

A transient operation at the time of a sudden change in the
input or in the load is basically the same as operations at the
time of the above-described placement of the input. For
example, if the input voltage increases rapidly or the load is
reduced rapidly during the steady-state operation, the output
voltage increases and, as a result, the output voltage signal Vo
and the output differential value Vd temporarily do not satisfy
the relationship defined by Formula (6). If the output voltage
signal Vo increases and the difference between the output
voltage signal Vo and the target value Vref becomes large, the
time ratio 8(k) calculated using Formula (20) decreases below
the ON-time minimum time ratio dmin (e.g., a negative
value). The drive pulse generating means 30 uniformly out-
puts the drive pulse V14 of the minimum time ratio dmin (e.g.,
0%) when the calculated time ratio (k) is smaller than the
minimum time ratio dmin Therefore, the switching power
supply device 10 tries to decrease the output voltage rapidly
during, for example, a period immediately after the rapid
increase of the input voltage by operating uniformly at the
minimum time ratio min and minimizing the power supply
from the input side.

Then, as the difference between the output voltage signal
Vo and the target value Vref becomes relatively small, and the
time ratio d(k) calculated using Formula (20) becomes equal
to or greater than the ON-time minimum time ratio dmin, the
drive pulse generating means 30 outputs the drive pulse V14
of the time ratio d(k) and drives the main switching element
14. Then, as the output voltage signal Vo and the output
differential value Vd change along the dashed line of the
graph and the difference between the output voltage signal Vo
and the target value Vref is eliminated, the switching power
supply device 10 performs the steady-state operation illus-
trated in FIGS. 2 and 3.

In the switching power supply device 10, as described
above, Formula (6) which is a control function formula is
defined in the calculation means 28 of the control circuit 24,
and the switching power supply device 10 includes, as vari-
ables, the output voltage and the output differential value
which represents a change in the output voltage and pre-
scribes a predetermined relationship via the target value Vref
of'the output voltage. Then the calculation means 28 samples
the input voltage signal Vi and the output voltage signal Vo
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and calculates the time ratio § for determining the ON and
OFF time using Formula (20) developed to satisfy Formula
(6). Therefore, an operation delay due to differential calcula-
tion with a great number of times of calculation is eliminated
and, high speed response characteristics can be implemented
with a simple and inexpensive control circuit. Further, when
the input voltage or the output voltage change suddenly, the
information regarding the sudden change is immediately
reflected in the calculation process and, therefore, a response
to the sudden change in the input voltage or in the load is
rapidly made. When the time ratio 8 calculated by Formula
(20) is not in the range between the minimum time ratio dmin
and the maximum time ratio dmax, an ON-time ratio of the
main switching element is uniformly set to the minimum time
ratio dmin or the maximum time ratio dmax and the con-
trolled variable for reducing a deviation between the output
voltage and the target value becomes the maximum instanta-
neously.

Further, since the time ratio d(k) calculated by the calcu-
lation means 28 changes such that the output voltage signal
Vo and the output differential value Vd satisfy the linear
relationship of Formula (6), no overshoot or vibration occurs
in the output voltage in the process until the output voltage
reaches the predetermined target value Vref and the steady-
state operation is started (e.g., the periods A and B in FIG. 4).

A way of change in, for example, the output voltage when
the input is placed can be adjusted easily by changing the
control function formula of Formula (6). For example, if the
coefficient T in Formula (6) is changed significantly, the slope
of the dashed line of FIG. 4(a) becomes less steep and the
period A is terminated in a shorter time. Therefore, a peak
value of the capacitor current (which corresponds to Ic)
becomes small and the stress to electronic components is
reduced. At the same time, the rate of increase in the output
voltage is lowered and the period B is prolonged. Thus, the
starting time of the switching power supply device 10
becomes long.

Itis also possible to add conditions to Formula (6) such that
the output differential value Vd becomes a constant value Vdd
in a range in which the difference between the output voltage
signal Vo and the target value Vref exceeds e. In that case,
control function formulae are expressed by Formulae (21) to
(23).

[Formula 21]

Vd = +Vdd = é[vO < Vref —&] @

[Formula 22]
vd = —é(v(; — Vref)[Vref — £ < Vo < Vref + £] @2
[Formula 23]

(23)

Vd = —Vdd = - [Vo = Vref +¢]
T

When these control function formulae of Formulae (21) to
(23) are defined in the calculation means 28, three calculation
formulae of the time ratio 8(k) corresponding to Formula (20)
described above are available. These calculation formulae are
used depending on the value of the output voltage signal Vo.
During the period A immediately after the input is placed, as
illustrated in FIG. 5, since the time ratio d(k) obtained by one
corresponding calculation formula exceeds the ON-time
maximum time ratio dmax the drive pulse V14 of the maxi-
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mum time ratio dmax is uniformly output. The relationship
between the output voltage signal Vo and the output differen-
tial value Vd reaches the dashed line which represents For-
mulae (21) to (23) in a short time and a period B1 begins.
Therefore, the peak value of the capacitor current (which
corresponds Ic) can be limited to a relatively small value.

during the periods B1 and B2, a calculation formula cor-
responding to each period is selected and the time ratio d(k) is
calculated from the selected calculation formula. Since the
obtained time ratio (k) is a value equal to or smaller than the
maximum time ratio dmax, the drive pulse generating means
30 outputs the drive pulse V14 of the time ratio d(k) and drives
the main switching element 14. Thus, the relationship
between the output voltage signal Vo and the output differen-
tial value Vd changes along the dashed line of the graph.
Then, during the period C, a difference between the output
voltage signal Vo and the target value Vref is eliminated and
the steady-state operation illustrated in FIGS. 2 and 3 is
started.

Here, by adjusting the coefficient T in Formula (22), the
length of the periods B1 and B2 can be shortened while
lowering the peak value of the capacitor current. For example,
itis also possible to set the periods B1 and B2 to be equivalent
to the period B in FIG. 4 by setting the coefficient T as a small
value. That is, by applying Formulae (21) to (23) instead of
Formula (6) as the control function formulae, the starting time
of'the switching power supply device 10 and the peak value of
the capacitor current can be adjusted independently.

Next, a switching power supply device 40 of a second
embodiment of the present invention will be described with
reference to FIGS. 6 and 7. Here, components similar to those
of'the above-described switching power supply device 10 will
be denoted by similar reference numerals and description
thereof will be omitted. The switching power supply device
40 has a configuration substantially similar to that of the
switching power supply device 10 illustrated in FIG. 1 except
that A/D converters 42a and 425, a calculation means 44 and
a drive pulse generating means 46 are provided instead of the
A/D converters 26a and 265, the calculation means 28 and the
drive pulse generating means 30. The A/D converters 42a and
42b, the calculation means 44 and the drive pulse generating
means 46 behave differently from the A/D converters 26a and
26b, the calculation means 28 and the drive pulse generating
means 30, respectively.

Analog information from each component is input in the
A/D converters 42a and 425, which sample the information at
predetermined timings and output an input voltage signal Vi
and an output voltage signal Vo which have been converted
into digital information. The sampling is performed every
half cycle of the switching cycle of a main switching element
14. The sampling is performed at arbitrary timings during the
ON time of the main switching element 14 and during a
period during which a smoothing inductor 18 is releasing, to
an output side, excitation energy accumulated during the ON
time. Here, the state of “releasing excitation energy to the
output side” also includes a state in which a current which
releases the excitation energy is flowing from the output side
toward the smoothing inductor 18.

The control function formula of Formula (6) is defined in
the calculation means 44 as in the above-described calcula-
tion means 28. However, unlike the calculation means 28, the
calculation means 44 samples, from the above-described A/D
converters 42a and 425, the input voltage signal Vi and the
output voltage signal Vo at predetermined timings of every
half cycle of the switching cycle described above. The calcu-
lation means 44 then performs a predetermined calculation
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similar to Formula (20) on the basis of these two signals and
the like to obtain a time ratio § of the period until the next
sampling timing.

The drive pulse generating means 46 generates a drive
pulse V14 for the main switching element 14 and a drive pulse
V16 for the rectifying element 16 on the basis of the time ratio
d determined by the calculation means 44. However, unlike
the drive pulse V14 generated by the drive pulse generating
means 30, the drive pulse V14 generated by the drive pulse
generating means 46 is a pulse voltage of which periods
before and after a second sampling timing in one switching
cycle T are defined as the ON period of the main switching
element 14. The drive pulse V14 indicates a high level during
the period of the time ratio 8 during which the main switching
element 14 is turned ON and indicates a low level during other
periods. The drive pulse V16 is a pulse voltage synchronized
with and having the opposite phase with the drive pulse V14.
The drive pulse V16 indicates a low level during the period of
the time ratio d and indicates a high level during other periods
during which the rectifying element 16 is turned ON.

In the case of the calculation means 44 and the drive pulse
generating means 46, when sampling is performed during a
period during which no current is flowing through the
smoothing inductor 18 (i.e., a zero current period), control of
the output using the output differential value Vd on the basis
of Formula (6) becomes impossible. However, as in the
switching power supply device 10, since bidirectionally con-
ductive N-channel MOSFETs are used as the main switching
element 14 and the rectifying element 16 in the switching
power supply device 40, even if, for example, the output
current supplied to the load 22 is reduced to a critical point or
below the critical point, the smoothing inductor 18 continues
flowing the current and thus no zero current period occurs.
Therefore, sampling can be performed at arbitrary timings in
the switching cycle T.

Hereinafter, an operation of the switching power supply
device 40 will be described. A flowchart which illustrates a
steady-state operation after input is placed is the same as that
of FIG. 2 described with reference to the above-described
switching power supply device 10. Thus, as illustrated in a
timing diagram of FIG. 7, the time ratio 9 is variably adjusted
every half cycle of the switching cycle T. Therefore, since the
time ratio § is adjusted twice as often as in the above-de-
scribed switching power supply device 10 and the control
delay in the output voltage is reduced by half, the response of
the control is even more accelerated. Further, the transient
operation of the switching power supply device 40, such as
placement of the input, a sudden change in the input and a
sudden change in the load, is also substantially the same as the
operation of the above-described switching power supply
device 10 and thus no transient overshoot or vibration occurs
when the output voltage changes.

Next, a switching power supply device 50 of a third
embodiment of the present invention will be described with
reference to FIGS. 8 to 10. Here, components similar to those
of'the above-described switching power supply device 10 will
be denoted by similar reference numerals and description
thereof will be omitted. The switching power supply device
50 has a configuration substantially similar to that of the
switching power supply device 10 illustrated in FIG. 1 except
that A/D converters 52a and 5254, a calculation means 54 and
a drive pulse generating means 56, which behave differently,
are provided instead of the A/D converters 26a and 265, the
calculation means 28 and the drive pulse generating means
30. The A/D converters 52a and 525, the calculation means 54
and the drive pulse generating means 56 behave differently
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from the A/D converters 26a and 265, the calculation means
28 and the drive pulse generating means 30, respectively.

Analog information from each component is input in the
A/D converters 52a and 525, which sample the information at
predetermined timings and output an input voltage signal Vi
and an output voltage signal Vo which have been converted
into digital information. The sampling is performed for each
switching cycle of a main switching element 14. The sam-
pling is performed at timings at which the main switching
element 14 is turned from OFF to ON.

The control function formula of Formula (6) is defined in
the calculation means 54 as in the above-described calcula-
tion means 28. However, unlike the calculation means 28, the
calculation means 54 samples, from the above-described A/D
converters 52a and 525, the input voltage signal Vi and the
output voltage signal Vo at the timings at which the main
switching element 14 is turned ON for each switching cycle
described above. Then, a predetermined operation is per-
formed on the basis of these two signals and the like and a
time ratio d is obtained.

Since a control circuit 24 of the switching power supply
device 50 is constituted by a relatively inexpensive and gen-
eral-purpose digital IC, the time required for the calculation
process and the like performed by the calculation means 54 is
not ignorable. Therefore, the calculation means 54 calculates
the time ratio d during a period after the next sampling timing
while the above-described calculation means 28 which is
constituted by, for example, a digital IC that is capable of a
high speed calculation calculates the time ratio  during the
period until the next sampling timing. Here, the ON-time ratio
d is calculated under conditions that the total of the ON and
OFF time is kept constant and that certain PWM control is
performed such that the switching cycle becomes constant.

The drive pulse generating means 56 generates a drive
pulse V14 for the main switching element 14 and a drive pulse
V16 for the rectifying element 16 on the basis of the time ratio
d determined by the calculation means 54. However, unlike
the drive pulse V14 generated by the drive pulse generating
means 30, the drive pulse V14 generated by the drive pulse
generating means 46 is a pulse voltage of which a period of
the time ratio 0 starting at the sampling timing is defined as
the ON period of the main switching element 14. During the
period of the time ratio §, the drive pulse V14 indicates a high
level during which the main switching element 14 is turned
ON and indicates a low level during other periods. The drive
pulse V16 is a pulse voltage synchronized with and having the
opposite phase with the drive pulse V14. The drive pulse V16
indicates a low level during a period of the time ratio § and
indicates a high level during other periods during which the
rectifying element 16 is turned ON.

Hereinafter, an operation of the switching power supply
device 50 will be described. FIG. 10 illustrates that the
switching power supply device 50 is performing a steady-
state operation after input is placed. The cycle in which the
calculation means 54 samples each signal is T, which is the
same as the switching cycle, and the sampling is performed at
timings of t(k-1), t(k), t(k+1) and t(k+2) for each sampling
cycle T at which the main switching element 14 is turned from
OFF to ON.

First, as illustrated in FIG. 9, the calculation means 54
obtains, at timing t(k), time ratios d(k) and d(k-1) which the
calculation means 54 determined before t(k) and also obtains
Vi(k-1) and Vo(k-1) which the calculation means 54 sampled
before t(k) (step S21). At the same timing t(k), the calculation
means 54 samples an input voltage signal Vi(k) and an output
voltage signal Vo(k) (step S22). Then, by substituting the time
ratio 3(k), the input voltage signal Vi(k), the output voltage
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signal Vo(k), the past time ratio d(k-1), the past input voltage
signal Vi(k-1) and the past output voltage signal Vo(k-1) into
Formula (13) described above, Vo1 (k+1) which is a predicted
value of the output voltage signal of the timing t(k+1) is
calculated (Step S23). Then, by substituting the time ratio
d(k), the input voltage signal Vi(k), the output voltage signal
Vo(k) and the predicted value Vo1 (k+1) into the next Formula
(24), the time ratio d(k+1) after the next sampling timing
t(k+1) is calculated (step 24).

[Formula 24]

{ts=1)-al —a2}-Volk+ 1)+
(s—1)-a2-Volk) +
(s—1)-2-u(k)—s-Vref

@4
1

ok +1) = STV

In Formula (24), k in Formula (20) is represented by k+1
and k-1 is represented by k. Vi(k) included in the denomina-
tor of the right side of Formula (24) should be Vi(k+1), but
since the input voltage signal Vi(k+1) is not known at the
timing immediately after t(k), known Vi(k) is used instead.

In this manner, the calculation means 54 calculates the time
ratio d(k+1) after the timing t(k+1) such that the relationship
between the output voltage signal Vo and the output differen-
tial value Vd at the sampling timing t(k+2) satisfies Formula
(6). Inthe case of the switching power supply device 50, since
sampling is performed at the timing at which the main switch-
ing element 14 is turned from OFF to ON, an amplitude
component of the capacitor current Ic for each switching
cycle may be a cause of deviation of the output voltage set-
ting. Therefore, it is desirable to deform Formula (24) in
consideration of the point described above.

Next, the drive pulse generating means 56 generates the
drive pulse V14 and the drive pulse V16 after the timing
t(k+1) on the basis of the time ratio d(k+1) determined in step
S24 (step S25). Since the drive pulse V14 is set such that the
period of the time ratio d(k+1) starts at the timing t(k+1),
during that period, the drive pulse V14 indicates a high level
during which the main switching element 14 is turned ON.
The drive pulse V16 is a pulse voltage having the opposite
phase with the drive pulse V14 and, in that period of time ratio
d(k), indicates a low level during which the rectifying element
16 is turned OFF.

The switching power supply device 50 performs the opera-
tion illustrated in FIG. 10 by repeating steps S21 to S25 and is
subject to PWM control such that the output voltage becomes
equal to the target value Vref. Since the calculation means 54
calculates the time ratio d after the next sampling timing,
there is a time-lag by one switching cycle during the control
operation of the calculation means 54 as compared with the
above-described switching power supply device 10. How-
ever, sufficiently practical response speed is ensured. Further,
the transient operation of the switching power supply device
50, such as placement of the input, a sudden change in the
input and a sudden change in the load, is also substantially the
same as the operation of the above-described switching
power supply device 10 and thus no transient overshoot or
vibration occurs when the output voltage changes. Thus, the
switching power supply device 50 can constitute the control
circuit 24 with excellent control property even using a rela-
tively inexpensive medium or low speed digital IC.

Next, a switching power supply device 60 of a fourth
embodiment of the present invention will be described with
reference to FIGS. 11 to 13. Here, components similar to
those of the above-described switching power supply device
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10 will be denoted by similar reference numerals and descrip-
tion thereof will be omitted. The switching power supply
device 60 has a configuration substantially similar to that of
the switching power supply device 10 illustrated in FIG. 1
except that A/D converters 62a and 625, a calculation means
64 and a drive pulse generating means 66, which behave
differently, are provided instead of the A/D converters 26a
and 265, the calculation means 28 and the drive pulse gener-
ating means 30. The A/D converters 62a and 625, the calcu-
lation means 64 and the drive pulse generating means 66
behave differently from the A/D converters 26a and 265, the
calculation means 28 and the drive pulse generating means
30, respectively.

Analog information from each component is input in the
A/D converters 62a and 625, which sample the information at
predetermined timings and output an input voltage signal Vi
and an output voltage signal Vo which have been converted
into digital information. The sampling is performed for each
switching cycle of a main switching element 14. The sam-
pling is performed at timings in synchronization with the
switching cycle of the main switching element 14, i.e., at
predetermined timings during the ON time of the main
switching element 14 or during a period during which a
smoothing inductor 18 is releasing excitation energy. How-
ever, the switching cycle determined by the calculation means
64 varies as described later.

The control function formula of Formula (6) is defined in
the calculation means 64 as in the above-described calcula-
tion means 28. Then, the input voltage signal Vi and the output
voltage signal Vo are sampled from the A/D converters 62a
and 625 at the above-described sampling timings. Then, the
calculation means 64 performs predetermined calculation
processes on the basis of these two signals and the like and
calculates the ON and OFF time.

Since a control circuit 24 of the switching power supply
device 60 is constituted by a relatively inexpensive and gen-
eral-purpose digital IC, the time required for the calculation
process and the like performed by the calculation means 64 is
not ignorable. Therefore, here, the ON time and the OFF time
of the main switching element 14 after the next sampling
timing are calculated. Further, here, the OFF time is calcu-
lated such that PFM control is performed while the ON time
becomes constant. Therefore, the switching cycle and the
sampling cycle vary.

The drive pulse generating means 66 generates a drive
pulse V14 and a drive pulse V16 on the basis of the ON and
OFF time determined by the calculation means 64. In the
drive pulse V14, the same period is set before and after a
midpoint of the sampling cycle as the ON period of the main
switching element 14. The drive pulse V14 indicates a high
level during the ON time and indicates a low level during
other periods. The drive pulse V16 is a pulse voltage in the
reverse phase with and in synchronization with the drive pulse
V14. The drive pulse V16 indicates a low level during the ON
period during which the rectitying element 16 is turned OFF
and indicates a high level during other periods.

Hereinafter, an operation of the switching power supply
device 60 will be described. FIG. 13 illustrates that the
switching power supply device 60 is performing a steady-
state operation after input is placed. The cycle in which the
calculation means 64 samples each signal changes in syn-
chronization with the switching cycle, such as T(k-1), T(k)
and T(k+1). The sampling timing is t(k-1), t(k), t(k+1) and
t(k+2).

First, as illustrated in FIG. 12, the calculation means 64
obtains, at timing t(k), OFF time toff(k) and toff(k-1) which
the calculation means 64 determined before t(k) and also
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obtains Vi(k-1) and Vo(k-1) at the timing of t(k-1) (step
S31). At the same timing t(k), the calculation means 64
samples an input voltage signal Vi(k) and an output voltage
signal Vo(k) (step S32). Then, by substituting the OFF time
toff(k), the input voltage signal Vi(k), the output voltage
signal Vo(k), the past OFF time toff(k-1), the past input
voltage signal Vi(k-1) and the past output voltage signal
Vo(k-1) into Formula (13) described above, Vol(k+1) which
is a predicted value of the output voltage signal of the timing
t(k+1) is calculated (Step S33). Here, although Formula (13)
does not include toff and Vi, it is to be understood that, ifu is
developed to toft and Vi using Formulae (7) and (15), the
predicted value Vol is calculatable. Then, using Formula (24)
described above, the OFF time toff(k+1) after the next sam-
pling timing t(k+1) is calculated (step 34).

In this manner, the calculation means 64 calculates the OFF
time toff(k+1) such that a relationship between the output
voltage signal Vo which is to be detected at the next sampling
timing t(k+2) and the output differential value Vd satisfy
Formula (6).

Next, the drive pulse generating means 66 generates the
drive pulse V14 and the drive pulse V16 after the timing
t(k+1) on the basis of the OFF time toff(k+1) determined in
step S34 and ON time ton which is a fixed value (step S35). In
the drive pulse V14, the same time are set before and after the
midpoint of the sampling period T(k+1) as the time of the ON
time ton. During that period, the drive pulse V14 indicates a
high level during which the main switching element 14 is
turned ON. Periods half the OFF time toff(k+1) are provided
before and after the ON time ton and, during that period, the
drive pulse V14 indicates a low level during which the main
switching element 14 is turned OFF. The drive pulse V16 is a
pulse voltage having the opposite phase with the drive pulse
V14. The drive pulse V14 indicates a low level during that
period of the ON time ton, and indicates a high level during
the period toff(k+1) before and after the ON time during
which the rectifying element 16 is turned ON.

The switching power supply device 60 performs the opera-
tion illustrated in FIG. 13 by repeating steps S31 to S35 and is
subject to PFM control such that the output voltage becomes
equal to the target value Vref. Since the switching power
supply device 60 calculates the OFF time toff after the next
sampling timing, there is a time-lag by one switching cycle
during the control operation as compared with the above-
described switching power supply device 10. However, suf-
ficiently practical response speed is ensured. Further, the
transient operation of the switching power supply device 60,
such as placement of the input, a sudden change in the input
and a sudden change in the load, is also substantially the same
as the operation of the above-described switching power sup-
ply device 10 and thus no transient overshoot or vibration
occurs when the output voltage changes. Thus, the switching
power supply device 60 can constitute the control circuit 24
with excellent control property even using a relatively inex-
pensive medium or low speed digital IC.

Next, a switching power supply device 70 of a fifth
embodiment of the present invention will be described with
reference to FIG. 14. Here, components similar to those of the
switching power supply device 50 of the third embodiment
will be described while being denoted by similar reference
numerals. The switching power supply device 70 is provided
with a common step-down chopper power converter circuit as
in the above-described switching power supply device 50.
That is, the power converter circuit performs power supply to
an output side load 22 from an input DC power supply 12
during the ON period of a main switching element 14 and
excites a built-in smoothing inductor 18 by the input DC
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power supply 12. Then, the power converter circuit operates
to release excitation energy accumulated in the smoothing
inductor 18 during the OFF period of the main switching
element 14 and supply power to the output side load 22.

However, the switching power supply device 70 includes,
instead of the rectifying element 16 which is a MOSFET, a
rectifying element 72 which is a diode capable of conducting
from the ground toward a junction point between the main
switching element 14 and the smoothing inductor 18, and the
control circuit 74 provided instead of the control circuit 24 is
configured to only output the drive pulse 14. Since the con-
duction of the rectifying element 72 is unidirectional, when
the output current supplied to the load 22 is reduced to a
critical point or below the critical point, the current flowing
through the smoothing inductor 18 becomes non-continuous
and a zero current period occurs.

In the control circuit 74, unlike the operation of the control
circuit 24 of the above-described switching power supply
device 50, an unillustrated calculation means and the like
calculates the time ratio d by performing sampling at timings
at which the main switching element 14 is turned OFF for
each switching cycle. Since this sampling timing is not in the
zero current period, the output control on the basis of Formula
(6) using the output differential value Vd does not become
impossible. Since Formula (24) does not hold when the out-
put current is reduced to a critical point or below the critical
point, then the time ratio § is calculated on the basis of a
specific calculation formula that is different from Formula
(24). An unillustrated drive pulse generating means operates
to generate a drive pulse V14 of which a period starting at the
sampling timing is defined as the OFF period of the main
switching element 14. Operations of the control circuit 74
other than that described above, i.e., calculating the time ratio
d of the period after the next sampling timing under certain
conditions with the constant switching cycle (PWM control is
performed), are the same as those of the control circuit 24 of
the switching power supply device 50.

The thus-configured switching power supply device 70
employs a diode as the rectifying element 72 and has the same
advantageous operation and effect as those of the above-
described switching power supply device 50. However, there
is the zero current period in the switching power supply
device 70, it requires caution because, unlike the switching
power supply device 40 of the second embodiment described
with reference to FIG. 6, a configuration of the control circuit
24 which performs sampling of the input voltage signal Viand
the like every half cycle of the switching cycle and defines the
periods before and after the second sampling timing in one
switching cycle as the ON period of the main switching
element 14 is not applicable to an unillustrated calculation
means and the like provided in the control circuit 74.

Next, a switching power supply device 76 of a sixth
embodiment of the present invention will be described with
reference to FIG. 15. Here, components similar to those of the
above-described switching power supply device 70 will be
described while being denoted by similar reference numerals.
Unlike the switching power supply device 70 described
above, the switching power supply device 76 includes a com-
mon step-up chopper power converter circuit. That is, the
power converter circuit stops power supply to an output side
load 22 from an input DC power supply 12 is stopped during
the ON period of a main switching element 14 and excites a
built-in smoothing inductor 18 by the input DC power supply
12. Then, during the OFF period of the main switching ele-
ment 14, the power converter circuit operates to release exci-
tation energy accumulated in the smoothing inductor 18 to the
output side via the rectifying element 72 which is a diode and
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supply power to the load 22. During the OFF period of the
main switching element 14, power is also supplied from the
input DC power supply 12 to the output side load 22.

The operation of the switching power supply device 76
differs from that of the above-described switching power
supply device 70 in that the power supply from the input DC
power supply 12 to the output side load 22 is stopped during
the ON period of the main switching element 14. Therefore,
control of the output becomes impossible unless the timings
at which a calculation means and the like of a later-described
control circuit 78 performs sampling are set during the OFF
period of the main switching element 14. Since the conduc-
tion of the rectifying element 72 is unidirectional, when the
output current supplied to the load 22 is reduced to a critical
point or below the critical point, the current flowing through
the smoothing inductor 18 becomes non-continuous and a
zero current period occurs. Therefore, it is necessary to set the
sampling timing during the period other than the above-de-
scribed zero current period.

In the control circuit 78, in order to avoid the state in which
the output is not controllable, an unillustrated calculation
means and the like performs sampling at timing immediately
after the main switching element 14 is turned from ON to OFF
for each switching cycle of the main switching element 14
(i.e., in a state in which the smoothing inductor 18 is releasing
excitation energy) and an unillustrated drive pulse generating
means generates a drive pulse V14 of which a period starting
immediately before that sampling timing is defined as the
OFF period of the main switching element 14. Details of the
calculation performed by the calculation means are expressed
by a calculation formula specific to a step-up chopper that is
different from, for example, Formula (24) that is specific to a
step-down chopper. Since an amplitude component for each
switching cycle of the capacitor current can be a cause of a
deviation in the setting of the output voltage, the calculation
formulae should be developed in consideration of this fact.
Operations of the control circuit 78 other than that described
above, i.e., calculating the time ratio d during the period after
the next sampling timing under certain conditions with the
constant switching cycle (PWM control is performed), are the
same as those of the control circuit 74 of the switching power
supply device 70.

The thus-configured switching power supply device 76,
which includes a step-up chopper power converter circuit and
employs a diode as the rectifying element 72, has the same
advantageous operation and effect as those of the above-
described switching power supply device 70.

Next, a switching power supply device 80 of a seventh
embodiment of the present invention will be described with
reference to FIG. 16. Here, components similar to those of the
above-described switching power supply device 76 will be
described while being denoted by similar reference numerals.
Unlike the switching power supply device 76 described
above, the switching power supply device 80 includes a com-
mon step-up/down chopper power converter circuit. That is,
the power converter circuit stops power supply to an output
side load 22 from an input DC power supply 12 and excites a
built-in smoothing inductor 18 by the input DC power supply
12 during the ON period of a main switching element 14.
Then, during the OFF period of the main switching element
14, the power converter circuit operates to release excitation
energy accumulated in the smoothing inductor 18 to the out-
put side via the rectifying element 72 which is a diode and
supply power to the load 22.

The operation of the switching power supply device 80
differs from that of the above-described switching power
supply device 76 in that the power supply from the input DC
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power supply 12 to the output side load 22 is not performed
during the OFF period of the main switching element 14.
However, conditions to avoid the state in which the output is
not controllable are the same as those of the switching power
supply device 76. In a later-described control circuit 82, it is
necessary that the timings at which the calculation means and
the like performs sampling be set during the OFF period of the
main switching element and during a period other than the
above-described zero current period.

In the control circuit 82, like the control circuit 78 of the
above-described switching power supply device 76, an unil-
lustrated calculation means and the like performs sampling at
a timing immediately after the main switching element 14 is
turned from ON to OFF for each switching cycle of the main
switching element 14 in order to avoid the state in which the
output is not controllable. An unillustrated drive pulse gener-
ating means generates a drive pulse V14 of which a period
starting immediately before that sampling timing is defined as
the OFF period of the main switching element 14. Further,
details of the calculation performed by the calculation means
are expressed by a calculation formula specific to a step-up/
down chopper that is different from a formula of a step-up
chopper. Since an amplitude component for each switching
cycle of the capacitor current can be a cause of a deviation in
the setting of the output voltage, the calculation formulae
should be developed in consideration of this fact.

The thus-configured switching power supply device 80,
provided with a step-up/down chopper power converter cir-
cuit, has the same advantageous operation and effect as those
of the above-described switching power supply device 76.

Next, a switching power supply device 84 of an eighth
embodiment of the present invention will be described with
reference to FIG. 17. Here, components similar to those of the
switching power supply device 10 of the first embodiment
will be described while being denoted by similar reference
numerals. The switching power supply device 84 includes a
single-ended forward power converter circuit configured by
adding a transformer 86, a rectification side synchronous
rectifying element 88 and a commutation side synchronous
rectifying element 89 to the power converter circuit of the
above-described switching power supply device 10. That is,
the power converter circuit performs power supply to an
output side load 22 from an input DC power supply 12 via the
transformer 86 and the rectification side synchronous recti-
fying element 88 during the ON period of a main switching
element 14 and excites a smoothing inductor 18 by the input
DC power supply 12. Then, the power converter circuit oper-
ates to continuously supply power to the output side load 22
by releasing excitation energy accumulated in the smoothing
inductor 18 even during the OFF period of the main switching
element 14. Therefore, by driving the rectification side syn-
chronous rectifying element 88 with a pulse voltage in the
same phase with the drive pulse V14 for the main switching
element 14 and by driving the commutation side synchronous
rectifying element 89 with a drive pulse V16 in the opposite
phase with the drive pulse V14, an output voltage is controlled
by the same operation as in the switching power supply device
10.

The thus-configured switching power supply device 84,
provided with a single-ended forward power converter circuit
and control is performed in the same manner as in the switch-
ing power supply device 10 which includes a step-down chop-
per power converter circuit, has the same advantageous
operation and effect as those of the switching power supply
device 10.

Next, a switching power supply device 90 of a ninth
embodiment of the present invention will be described with
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reference to FIG. 18. Here, components similar to those of the
switching power supply device 80 of the seventh embodiment
will be described while being denoted by similar reference
numerals. The switching power supply device 90 includes a
flyback power converter circuit configured by adding a trans-
former 86 to the power converter circuit of the above-de-
scribed switching power supply device 80. That is, the power
converter circuit stops power supply to an output side load 22
from an input DC power supply 12 during the ON period of a
main switching element 14 and excites a transformer 86
which is an inductance element by the input DC power supply
12. Then, during the OFF period of the main switching ele-
ment 14, the power converter circuit operates to release exci-
tation energy accumulated in the transformer 86 to the output
side via the rectifying element 72 which is a diode and supply
power to the load 22.

The control circuit 82 operates in a similar manner to the
control circuit 82 of the above-described switching power
supply device 80. That is, an unillustrated calculation means
and the like performs sampling at a timing immediately after
the main switching element 14 is turned from ON to OFF for
each switching cycle of the main switching element 14 in
order to avoid the state in which the output is not controllable,
and an unillustrated drive pulse generating means operates to
generate a drive pulse V14 of which a period starting imme-
diately before that sampling timing is defined as the OFF
period of the main switching element 14.

The thus-configured switching power supply device 90,
which is provided with a flyback power converter circuit and
in which control is performed in the same manner as in the
switching power supply device 80 provided with a step-up/
down chopper power converter circuit, has the same advan-
tageous operation and effect as those of the switching power
supply device 80.

Next, a switching power supply device 92 of a tenth
embodiment of the present invention will be described with
reference to FIG. 19. Here, components similar to those of the
switching power supply device 70 of the fiftth embodiment
will be described while being denoted by similar reference
numerals. The switching power supply device 92 includes a
common half bridge power converter circuit which is consti-
tuted by two main switching elements 14a and 145, a cou-
pling capacitor 94, a transformer 86, two rectifying elements
72a and 725 which are diodes, a smoothing inductor 18 and a
smoothing capacitor 20. In this power converter circuit, the
main switching elements 14a and 145 receive drive pulses
V14a and V145 from a control circuit 96 and are alternately
turned ON and OFF for each switching cycle. The power
converter circuit performs power supply to an output side load
22 from an input DC power supply 12 via the transformer 86
and the rectifying elements 72a and 725 during the ON period
of main switching elements 14a and 145 and excites the
smoothing inductor 18 by the input DC power supply 12. The
power converter circuit operates to supply power to the output
side load 22 by releasing excitation energy accumulated in the
smoothing inductor 18 during the OFF period of the main
switching elements 14a and 145.

In the control circuit 96, like the control circuit 74 of the
above-described switching power supply device 70, an unil-
lustrated calculation means and the like performs sampling at
a timing at which the main switching element 14a or 145 is
turned from ON to OFF for each switching cycle in order to
avoid the state in which the output is not controllable. An
unillustrated drive pulse generating means operates to gener-
ate the drive pulse V14a and V145 of which a period starting
at the sampling timing is defined as the OFF period of the
main switching element 14a or 145.
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The thus-configured switching power supply device 92,
which is provided with a half bridge power converter circuit
having a plurality of main switching elements and in which
control is performed in the same manner as in the switching
power supply device 70 provided with a step-down chopper
power converter circuit, has the same advantageous operation
and effect as those of the switching power supply device 70.
Further, switching power supply devices provided with a
power converter circuit with a plurality of switching ele-
ments, such as a push-pull power converter circuit, a full
bridge power converter circuit and a cascade forward power
converter circuit, may also be configured from a viewpoint
similar to that of the switching power supply device 92.

Next, a switching power supply device 98 of an eleventh
embodiment of the present invention will be described with
reference to FIG. 20. Here, components similar to those of the
above-described switching power supply device 40 will be
described while being denoted by similar reference numerals.
A configuration of a power converter circuit of the switching
power supply device 98 is a step-down chopper type which is
the same as that of the switching power supply device 40
illustrated in FIG. 6.

A control circuit 100 is constituted by A/D converters 42a
and 42b, a state variable estimation means 102, a calculation
means 104 and a drive pulse generating means 46. That is, in
addition to the configuration of the control circuit 24 of the
switching power supply device 40 illustrated in FIG. 4, a state
variable estimation means 102 is provided newly, and the
calculation means 104 which performs an operation corre-
sponding to the state variable estimation means 102 is pro-
vided instead of the calculation means 44. Further, parasitic
resistance 18a of coil of the smoothing inductor 18 is illus-
trated clearly in the circuit diagram. This parasitic resistance
18a is a kind of parasitic impedance which exists on a path on
which an output current lo flows. In the present embodiment,
in order to improve output voltage precision, the calculation
means 104 calculates the time ratio d to include a voltage drop
component Vofs due to the parasitic resistance 18a.

Analog information of which input voltage and output
voltage have been detected is input in the A/D converters 42a
and 42b, which sample the information at predetermined
timings and output an input voltage signal Vi and an output
voltage signal Vo which have been converted into digital
information. The sampling is performed for every half the
cycle of the switching cycle of a main switching element 14.
The sampling timing is arbitrarily determined during the ON
time of the main switching element 14 or during a period
during which a smoothing inductor 18 is releasing, to an
output side, excitation energy accumulated during the ON
time.

The state variable estimation means 102 is for estimating,
using a detected value of a specific circuit component, an
operating state of a location which is difficult to be detected.
Here, on the basis of the input voltage signal Vi and the output
voltage signal Vo which are relatively easily detected and on
the basis of the time ratio d determined by the calculation
means 104 immediately before the sampling, an estimated
value Vo2 of the output voltage signal which is to be detected
at the next sampling timing, and an estimated value Vofs2 of
a voltage drop component at the next sampling timing are
calculated.

Since a control circuit 100 of the switching power supply
device 98 is constituted by a relatively inexpensive and gen-
eral-purpose digital IC, the time required for the calculation
process and the like performed by the calculation means 104
is not ignorable. Therefore, this calculation means 104 cal-
culates the time ratio  of the period after the next sampling
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timing. Here, the ON-time ratio d is calculated under condi-
tions that the total of the ON and OFF time is kept constant
and that certain PWM control is performed such that the
switching cycle becomes constant.

The calculation means 104 samples the input voltage sig-
nal Vi which is a detected value, the output voltage signal Vo2
which is an estimated value of the state variable estimation
means 102 and a voltage drop component Vofs2 at predeter-
mined timings for every half'the cycle of the switching cycle
as described above. The calculation means 104 then performs
a predetermined calculation process on the basis of these
signals and calculates a time ratio d of the period after the next
sampling timing. The calculation means 104 also operates to
output the time ratio d and the like which were calculated in
the past toward the state variable estimation means 102.

Hereinafter, a steady-state operation of the switching
power supply device 98 will be described with reference to a
flowchart of FIG. 21. Here, since the timing diagram illus-
trating the behavior of the switching power supply device 98
is substantially the same as FIG. 7 which illustrates the behav-
ior of the switching power supply device 40, refer to FIG. 7.

First, the state variable estimation means 102 obtains, at
timing t(k), time ratios d(k) and 8(k-1) which the calculation
means 104 determined before t(k) and also obtains Vi(k-1)
and Vo(k-1) which the calculation means 104 sampled before
t(k) (step S41). At the same timing t(k), the state variable
estimation means 102 samples the input voltage signal Vi(k)
and the output voltage signal Vo(k) which are detected values
(step S42). Then, on the basis of the input voltage signal Vi(k),
the output voltage signal Vo(k), the time ratio d(k), the past
time ratio d(k-1), the past input voltage signal Vi(k-1) and
the past output voltage signal Vo(k-1), state variable estima-
tion means 102 calculates an estimated value Vo2(k+1) of the
output voltage signal at the timing of t(k+1) and an estimated
value Vofs2 (k+1) of the voltage drop component (step S43).

Then, the calculation means 104 substitutes the time ratio
d(k), the input voltage signal Vi(k) and the output voltage
signal Vo(k), the estimated value Vo2(k+1) and the voltage
drop component Vofs (k+1) into the next Formula (25), and
calculates the time ratio d(k+1) after the next sampling timing
t(k+1) (step S44).

[Formula 25]
{s=1)-al —a2}-Volk+ 1) +1 (25)
L (s—1)-a2-Volk) +
Sk+1)= m (s—1)-82-uk)—s-Vref +
3
( - z)-Vofs

[Formula 26]

T2 (26)
Vofs=———"-R-Io

L-C

Formula (25) includes the voltage drop component Vofs at
the last term of the right side thereof. The voltage drop com-
ponent Vofs is defined by Formula (26) and is expressed by,
for example, a resistance value R of the parasitic resistance
18a of the smoothing inductor 18. Formula (26) is the above-
described Formula (2). Formula (25) may be developed in the
same concept as described above by substituting “Vo(k)” of
Formula (8) by “Vo(k)+R-10.” Here, the output current o and
the resistance value R of the parasitic resistance 18a are
treated similarly as the circuit constants of, for example, the
inductance L. of the smoothing inductor 18 and the capaci-
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tance C of the smoothing capacitor 20, and the voltage drop
component Vofs can be treated as a composite constant.

Then, after step S44, the drive pulse generating means 46
generates the drive pulse V14 and the drive pulse V16 after the
timing t(k+1) on the basis of the time ratio d(k+1) calculated
by the calculation means 104 (step S45).

The switching power supply device 98 is subject to PWM
control by repeating steps S41 to S45 such that the output
voltage becomes equal to a target value Vref. Since the cal-
culating means 104 calculates the time ratio d after the next
sampling timing, there is a time-lag by half the cycle of the
switching cycle during the control operation as compared
with the above-described switching power supply device 40.
However, sufficiently practical response speed is ensured.
Since output voltage control in consideration of the voltage
drop component Vofs due to the parasitic resistance 18a
which exists on the path on which the output current lo flows
is performed, precision in the output voltage is further
improved. Further, the transient operation of the switching
power supply device 98, such as placement of the input, a
sudden change in the input and a sudden change in the load, is
also substantially the same as the operation of the above-
described switching power supply device 40 and thus no
transient overshoot or vibration occurs when the output volt-
age changes. Thus, the switching power supply device 98 can
constitute the control circuit 100 with excellent control prop-
erty even using a relatively inexpensive medium or low speed
digital IC.

Next, a switching power supply device 106 of a twelfth
embodiment of the present invention will be described with
reference to FIG. 22. Here, components similar to those of the
above-described switching power supply device 10 will be
described while being denoted by similar reference numerals.
A power converter circuit of the switching power supply
device 106 is a step-down chopper circuit which is the same as
that of the switching power supply device 10. Further, a
control circuit 108 includes a calculation means 110 instead
of the calculation means 28 of the control circuit 24 of the
above-described switching power supply device 10. Further,
parasitic resistance 18a of coil of the smoothing inductor 18
is illustrated clearly in the circuit diagram. Here, since a
voltage drop component Vofs due to parasitic resistance 18a
is large, an influence on output voltage control is unignorable
and it is considered when the calculation means 110 calcu-
lates time ratio J in order to improve output voltage precision.

The calculation means 110 operates in a similar manner to
the control circuit 28 of the switching power supply device
10. Further, the calculation means 110 periodically performs
parameter estimation and updates a circuit constant initially
set as a default value in the calculation means 110, and per-
forms output voltage control in consideration of an individual
difference, a temperature change and variation with time of
the circuit constant. The circuit constant herein means the
switching cycle T of the main switching element 14, the
inductance [ of the smoothing inductor 18, the capacitance C
of the smoothing capacitor 20, the output current lo, the
resistance value R of the parasitic resistance 18a and the
voltage drop component Vofs.

Here, an evaluation function J(N) for parameter estimation
which is defined in the calculation means 110 will be
described. First, the voltage drop component Vofs is incorpo-
rated in Formula (13), k+1 is substituted by k, k is substituted
by k-1, k-1 is substituted by k-2 to obtain Formula (27).

[Formula 27]

Vo(k)=al-Vo(k=1)+a2-Vo(k-2)+b1 u(k—1)+b2ulk-2)+

Vofs 7
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The composite constants al, a2, bl and b2 included in
Formula (27) and the composite constant Vofs which is the
voltage drop component are defined by Formulae (16) to (18)
and Formula (26). u(k-1) and u(k-2) are the same as those of
Formula (15).

Parameter estimation may be performed also in a unit of a
plurality of circuit constants, such as the inductance L and the
capacitance C, or in a unit of the composite constants, such as
al and a2, Here, however, speeding-up of the process of the
calculation means 110 is intended while keeping the equiva-
lent estimation precision by reducing the number of compos-
ite constants to estimate and reducing the number of times of
calculation.

In Formula (27), when the composite constants al, a2, bl
and b2 are represented by each circuit constant and when a
new composite constant p expressed in Formula (28) is
defined, Formula (27) can be transformed as Formula (29).
Formula (28) is the above-described Formula (1).

[Formula 28]
T? (28)
P=3T7cC
[Formula 29]
Vo(k) = [2- Volk = 1) = Volk —2)] = (29)

p-[=Volk — 1) — Volk = 2) + u(k — 1) + u(k — 2)] + Vofs

Formula (29) does not include any composite constant in
the left side and does not include any composite constant in a
parenthesis of the first term of the right side. Then, the entire
left side is expressed as a composite signal v1(k) as Formula
(30) and inside of the parenthesis of the first term of the right
side is expressed as a composite signal v2(k) as Formula (31).
Then, Formula (32) is obtained. Formulae (30) and (31) are
above-described Formulae (4) and (5).

[Formula 30]

V1(E)=Vo(k)~[2-Vo(k-1)-Vo(k-2)] (30)

[Formula 31]

V2(k)=—Volk—1)—Vo(k-2)+ Vilk—1)-8(k=1)+Vi(k-2)-d
(k=2) (31)

[Formula 32]

V1(k)=pv2(k)+Vofs (32)

Next, an evaluation function for parameter estimation is
defined. An original purpose of the control circuit 108 is to
control output voltage with high precision. Therefore, it is
desirable to perform parameter estimation on the basis of the
output voltage signal Vo. Especially, in order to perform
parameter estimation with high precision, it is considered to
evaluate a difference between a detected value Voa(k) at the
timing t(k) and an estimated value Vob(k) at the timing t(k)
predicted before the timing t(k) and to define the evaluation
function Jx(N) as Formula (33).

[Formula 33]

N (33)
Jx(N) = Z [Voa(k) — Vob(k)?
k:l
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In this case, an average value of a square of predictive
errors obtained at each of the timings t(1) to t(N) is set to the
evaluation function Jx(N).

However, in the control circuit 108, in order to achieve
speeding-up of the process of the calculation means 110, the
number of kinds of composite constants is further reduced,
and a prediction error of the composite signal v1(k) in which
a plurality of output voltage signals are combined is used
instead of a prediction error of a single output voltage signal
Vo. Thatis, the parameter estimation is to be performed on the
basis of a composite signal v1 and, in order to evaluate a
difference between a detected value v1a(k) at the timing t(k)
and a predicted value v1lb(k) at the timing t(k) predicted
therebefore (hereafter, referred to as “prediction error”), the
evaluation function J(N) is defined as Formula (34).

[Formula 34]
N (34
J(N) = Z vlak) — v1bk)]?

k:l

Further, Formula (34) can be expressed as Formula (35) by
substituting the predicted value v1b(k) by the right side of
Formula (32). Formula (35) is the above-described Formula

@3-
[Formula 35]
N (35)

%Z [vlatk) — p-v2b(k) — Vofs]*

k=1

JIN) =

At this time, v1la(k) included in Formula (34) can be cal-
culated on the basis of the output voltage signals Vo(k), Vo(k-
1) and Vo(k-2) which are the detected values sampled at the
timings t(k), t(k-1) and t(k-2) as expressed by Formula (30).
Therefore, since a term of the output voltage signal Vo(k)
which is the current detected value is included in the compos-
ite signal v1a(k), the composite signal v1a(k) can be consid-
ered to be correspond to the detected value Voa(k) in Formula
(33).

As is understood from Formula (31), the composite signal
v2b(k) of Formula (35) can be calculated on the basis of the
output voltage signals Vo(k-1), Vo(k-2), Vi(k-1) and Vi(k-2)
which are detected values sampled at the timings t(k—1) and
t(k-2), and the time ratio d(k-1) and d(k-2) calculated as a
time ratio of the timing t(k—1) and t(k-2). Therefore, since the
composite signal v1b(k) including the composite signal v2b
(k) does not include the output voltage signal Vo(k) which is
the current detected value and both v1b(k) and v2b(k) are
constituted by a past detected value and the like, these signals
may be considered to correspond to the predictive value Vob
(k) in Formula (33).

Next, an operation of parameter estimation performed by
the calculation means 110 will be described with reference to
FIG. 23. As described with reference to FIGS. 1 to 3, the
switching power supply device 106 of the present embodi-
ment performs the same steady-state operation as that of the
switching power supply device 10 of the first embodiment
and the calculation means 110 performs parameter estimation
in parallel with the steady-state operation. As illustrated in
FIG. 23, parameter estimation is performed once every cycle
Ta which is sufficiently longer than the switching cycle T and
the parameter estimation is performed during a period Th.
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When the period Tb starts, the calculation means 110 first
obtains each of the above-described signals by, for example,
sampling N times during a period Tc so that N predictive
errors may be obtained. Next, on the basis of the each
obtained signal, the calculation means 110 calculates com-
posite constants p and Vofs with which the evaluation func-
tion J(N) which is an average value of a square of N predictive
errors becomes minimum. At a timing td, the calculation
means 110 updates the previous composite constants p and
Vofs with newly calculated ones. Therefore, since the output
voltage control is performed on the basis of the new compos-
ite constants p and Vofs after the update, the output voltage Vo
is changed from a previous voltage V1 to a new voltage V2 as
illustrated in FIG. 23.

The operation in the above-described period Tb is per-
formed repeatedly for each cycle Ta and the composite con-
stants p and Vofs are updated periodically. Therefore, the
control circuit 108 can perform the output voltage control
always using proper composite constants. Note that the
operation to periodically calculate the composite constants p
and Vofs using the evaluation function J(N) of Formula (35) is
a kind of parameter estimation using an off-line least square
method.

In the switching power supply device 106, as illustrated in
FIG. 23, the output voltage Vo is fluctuated up and down on
both sides of the voltage V1 during the period Tc during
which the output voltage signals Vo(1) to Vo(N) are sampled.
This is because, at the time of determining the time ratio d to
perform the above-described steady-state operation, the cal-
culation means 110 causes slight diffusion and fluctuation of
the time ratio d to during the period Tc during which param-
eter estimation is performed. Diffusion and fluctuation means
to randomly increase and decrease the time ratio § calculated
in accordance with the flowchart of FIG. 2, and the output
voltage Vo can be made to fluctuate by AVo by this diffusion
and fluctuation. Therefore, the composite constants p and
Vofs can be estimated more precisely by fluctuating the out-
put voltage Vo intentionally using this calculation means 110.

Since the above-described parameter estimation can be
performed with a certain or higher precision if the fluctuation
AVos of the output voltage Vo is 1 mV to 10 mV, it is not
necessary to necessarily increase the width of diffusion and
fluctuation of the time ratio 3. If precision of parameter esti-
mation is not necessarily high enough, diffusion and fluctua-
tion may not be performed.

As described above, the switching power supply device
106 of the present embodiment has the same advantageous
operation and effect as those of the switching power supply
device 10 of the first embodiment. Further, since the switch-
ing power supply device 106 periodically monitors the indi-
vidual difference of the circuit constant, the temperature
change and the variation with time by performing parameter
estimation using the off-line least square method and updates
to appropriate values, highly precise output voltage control
can be performed continuously.

It is also possible to perform parameter estimation using
Formulae (27) and (33). In that case, however, the kind of
composite constants (al, a2 and the like) to estimate increases
and, therefore, processing for the parameter estimation takes
a certain amount of time. On the contrary, this calculation
means 110 has a small number of composite constants to
estimate (only two kinds, p and Vofs) and thus has an advan-
tage that estimation process can be performed at a very high
speed.

The switching power supply device of the present inven-
tion is not limited to the above-described embodiments. For
example, the control function formula defined in the calcula-
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tion means of the control circuit may be a curved relational
formula as illustrated in FIG. 24(a) instead of the linear
relational formula, such as Formulae (6), and (21) to (23), in
order to adjust the condition of a change in the output voltage
at the time of, for example, placement of the input. However,
if a control function formula in which a plurality of output
differential values corresponding to a single value of the
output voltage exist, e.g., a formula of FIG. 24(5), is used, the
process of the calculation means described above is not able
to be performed properly.

As described in the first to tenth embodiments, when the
calculation means of the control circuit calculates the ON
time, the OFF time, the time ratio and the like of the main
switching element, it is desirable to perform condition setting
of “keep the switching cycle constant” and the like. This is
because, with the condition setting, the calculation formula
for calculating the time ratio and the like can be expressed in
arelatively simple form like Formula (20). The present inven-
tion can be applied to a switching power supply device of
various power converter circuits and the method for the
above-described condition setting can be suitably selected
depending on the operation of each power converter circuit.

For example, PWM control by which ON time and OFF
time are determined on condition that the switching cycle
becomes constant (FIGS. 3 and 10), PFM control by which
ON time and OFF time are determined on condition that the
ON time of the main switching element 14 becomes constant
(FI1G. 13), and PFM control by which ON time and OFF time
are determined on condition that the OFF time of the main
switching element 14 becomes constant are applicable to the
power converter circuits described in the above embodi-
ments. Especially, PFM control by which ON time and OFF
time are determined on condition that the ON time of the main
switching element 14 becomes constant (FIG. 13) is suitable
for the control of, for example, a power converter circuit
provided with a current resonance circuit.

Although not illustrated as an embodiment, PFM control
by which ON time and OFF time are determined on condition
that the OFF time of the main switching element 14 becomes
constant is also possible. This PFM control is suitable for the
control of, for example, a power converter circuit provided
with a voltage resonance circuit. PFM control by which ON
time and OFF time are determined on condition that the time
ratio of the ON time to one switching cycle becomes constant
is also possible. For example, by applying PFM control to the
step-up chopper power converter circuit, the step-up/down
chopper power converter circuit, or the flyback power con-
verter circuit described in the above embodiments and caus-
ing the power converter circuit to operate such that a zero
current period occurs intentionally, an effect can be obtained
to prevent occurrence of a recovery current of the rectifying
element constituted by a diode and occurrence of switching
noise or cross loss of the main switching element.

A configuration in which the calculation means and the like
samples in a cycle in synchronization with the switching
cycle and the drive pulse generating means generates a drive
pulse in which the period before and after a midpoint of the
sampling cycle thereof are defined as the ON period or the
OFF period of the main switching element (FIGS. 3 and 13)
is applicable also to every power converter circuit of the
above embodiment by setting the timing at which the calcu-
lation means and the like samples to a period other than a zero
current period. According to the configuration, the calcula-
tion formula with which the calculation means calculates the
time ratio and the like can be expressed in a relatively simple
primary formula form, e.g., Formula (20), and the process
becomes simple. Therefore, even if some processing time is
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taken in the calculation means and the like, if the setting of the
maximum time ratio Dmax or the minimum time ratio Dmin
is adjusted suitably, it is possible to mask the influence of the
processing time. Therefore, there is an advantage that the
above-described control circuit can be configured using a
relatively inexpensive medium or low speed digital IC.

A configuration in which the calculation means and the like
samples at predetermined timings for every half the cycle of
the switching cycle and calculates the time ratio 0 of a period

until the next sampling timing by performing predetermined 10

calculation (FIG. 6) is not applicable to the step-up chopper
power converter circuit, the step-up/down chopper power
converter circuit, the flyback power converter circuit and the
like because the calculation means and the like performs
sampling also during the ON period of the main switching
element. However, the configuration is applicable to the step-
down chopper power converter circuit, the single-ended for-
ward power converter circuit, the half bridge power converter
circuit and the like.

A configuration in which the circuit constant or the com-
posite constant is undated by performing parameter estima-
tion is applicable irrespective of the form of the power con-
verter circuit or the form of the steady-state operation.
However, since Formulae (27) to (35) are specific to a step-
down chopper circuit and are not able to be directly applied to
other power converter circuits. It is necessary to develop
formulae independently. Regarding parameter estimation, the
iterative least squares technique and known methods other
than the least square method may be used in addition to the
off-line least square method as described above.

DESCRIPTION OF REFERENCE NUMERALS

10, 40, 50, 60, 70, 76, 80, 84, 90, 92, 98, 106 switching
power supply device

14, 144, 145 main switching element

16, 72, 72a, 726 rectifying element

18 smoothing inductor

20 smoothing capacitor

24,74, 78, 82, 96, 100, 108 control circuit

26a, 265, 42a, 42b, 52a, 52b, 62a, 625 A/D converter

28, 44, 54, 64, 104, 110 calculation means

30, 46, 56, 66 drive pulse generating means

86 transformer

88 rectification side synchronous rectifying element

89 commutation side synchronous rectifying element

94 coupling capacitor

102 state variable estimation means

What is claimed is:

1. A switching power supply device comprising a power
converter circuit including a main switching element which
performs ON and OFF operations and a control circuit which
stabilizes an output voltage by controlling the ON and OFF
operations, wherein:

the control circuit includes a calculation means which
determines ON time and OFF time of the main switching
element, and a drive pulse generating means which gen-
erates a drive pulse which turns the main switching
element ON and OFF;

a control function formula is defined in the calculation
means, the control function formula being a continuous
function formula which includes, as variables, an output
voltage and an output differential value representing a
fluctuation in the output voltage, and a relationship
between the two variables being that only a single output
differential value exists corresponding to a single value
of the output voltage, the control function formula pre-
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scribing that a corresponding output differential value
becomes positive when the output voltage is below a
target value of stabilization of the output voltage, that the
corresponding output differential value becomes nega-
tive when the output voltage is above the target value,
and that a corresponding output differential value
becomes zero when the output voltage is equal to the
target value;
the calculation means samples an input voltage signal of
which input voltage has been detected and an output
voltage signal of which output voltage has been detected
or estimated at timings in synchronization with a switch-
ing cycle of the main switching element, performs a
calculation process to calculate at least one of ON time
and OFF time of the main switching element in the
switching cycle after the sampling timing such that the
output voltage signal and the output differential value at
the next sampling timing or thereafter derived on the
basis of the two sampled signals satisfy the relationship
prescribed in the control function formula;
the calculation means performs parameter estimation
about a circuit constant of the power converter circuit
which is initially set as a default value, and updates the
circuit constant such that a difference between an actual
output voltage signal sampled by the calculation means
and an output voltage signal at the sampling timing
predicted when the ON time and the OFF time are deter-
mined in the past becomes small; and
the drive pulse generating means generates the drive pulses
such that the main switching element is turned ON and
OFF in a switching cycle after the sampling timing of the
two signals on the basis of the ON time and the OFF time
determined by the calculation means.
2. The switching power supply device according to claim 1
wherein the calculation means performs the sampling of each
signal and the calculation process for calculating at least one
of'the ON time and the OFF time for every switching cycle of
the main switching element.
3. The switching power supply device according to claim 2
wherein:
the power converter circuit stops supplying power to an
output from an input DC power supply and excites a
built-in inductance element by the input DC power sup-
ply during an ON period of the main switching element,
and releases excitation energy accumulated in the induc-
tance element to the output and supplies power during an
OFF period of the main switching element; and

the calculation means performs the sampling of each signal
during the period during which the inductance element
is releasing excitation energy.

4. The switching power supply device according to claim 2
wherein the drive pulse generation means generates a drive
pulse in which the same periods are defined as the ON period
of'the main switching element before and after a midpoint of
the sampling cycle of each signal, or generates a drive pulse in
which the same periods are defined as the OFF period of the
main switching element before and after the midpoint of the
cycle of sampling.

5. The switching power supply device according to claim 1
wherein:

the power converter circuit supplies power to an output

from the input DC power supply and excites a built-in
inductance element by the input DC power supply dur-
ing the ON period of the main switching element, and
releases excitation energy accumulated in the induc-
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tance element to the output so as to continuously supply
the power during the OFF period of the main switching
element;

the calculation means performs the sampling of each signal

and the calculation process for calculating at least one of
the ON time and OFF time in half the cycle of the
switching cycle of the main switching element; and

the drive pulse generation means generates a drive pulse in

which periods before and after a second sampling timing
in one switching cycle are defined as the ON period of
the main switching element or generates a drive pulse in
which periods before and after a second sampling timing
in one switching cycle are defined as the OFF period of
the main switching element.

6. The switching power supply device according to claim 1
wherein:

the control circuit is provided with a state variable estima-

tion means which estimates, using a detected value of a
specific circuit component, an operating state of a loca-
tion which is difficult to be detected;

the state variable estimation means obtains, at the timing at

which the calculation means samples the input voltage
signal, an input voltage signal and an output voltage
signal of which output voltage has been detected, and
obtains the ON time and the OFF time determined by the
calculation means immediately therebefore and, on the
basis of the obtained input voltage signal, the output
voltage signal, the ON time and the OFF time, performs
aprocess to estimate an output voltage signal at the next
sampling timing; and

the calculation means samples the input voltage signal, the

output voltage signal, the ON time, the OFF time and the
output voltage signal estimated by the state variable
estimation means, and performs the calculation process
on the basis thereof.

7. The switching power supply device according to claim 6
wherein:

on the basis of the obtained input voltage signal, the output

voltage signal, the ON time and the OFF time, the state
variable estimation means performs a process to esti-
mate an output voltage signal at the next sampling tim-
ing and a voltage drop component caused by parasitic
impedance which exists on a path on which an output
current flows; and

the calculation means samples the input voltage signal, the

output voltage signal, the ON time and the OFF time,
and the output voltage signal and the voltage drop com-
ponent estimated by the state variable estimation means
and performs the calculation process on the basis
thereof.

8. The switching power supply device according to claim 7
wherein, in the control function formula defined in the calcu-
lation means, the relationship between the output voltage and
the output differential value is prescribed by a negatively
sloped linear function formula.

9. The switching power supply device according to claim 8
wherein, in the control function formula defined in the calcu-
lation means, the output differential value is prescribed to be
constant irrespective of the output voltage in a range in which
a difference between the output voltage and the target value
exceeds a predetermined value.

10. The switching power supply device according to claim
9 wherein the calculation means calculates both the ON time
and the OFF time such that the total of the ON time and the
OFF time becomes constant.

11. The switching power supply device according to claim
10 wherein:

when the ON time and the OFF time determined by the

calculation means exceed the maximum time ratio
which is variable as an ON-time ratio, the drive pulse
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generation means generates a drive pulse with which the
main switching element is turned ON or OFF at the
maximum time ratio; and

when the ON time and the OFF time determined by the

calculation means are below the minimum time ratio
which is variable as an ON-time ratio, the drive pulse
generation means generates a drive pulse with which the
main switching element is turned ON or OFF at the
minimum time ratio.

12. The switching power supply device according to claim
9 wherein the calculation means calculates the ON time such
that the OFF time becomes constant.

13. The switching power supply device according to claim
9 wherein the calculation means calculates the OFF time such
that the ON time becomes constant.

14. The switching power supply device according to claim
9 wherein the calculation means calculates both the ON time
and the OFF time such that the ON-time ratio to the switching
cycle becomes constant.

15. The switching power supply device according to claim
14 wherein:

when the total value of the ON time and the OFF time

determined by the calculation means exceeds the maxi-
mum time which is variable, the drive pulse generating
means generates a drive pulse which turns the main
switching element ON and OFF in the maximum time;
and

when the total value of the ON time and the OFF time

determined by the calculation means becomes shorter
than the minimum time which is variable, the drive pulse
generating means generates a drive pulse which turns the
main switching element ON and OFF in the minimum
time.

16. The switching power supply device according to claim
1 wherein a composite constant constituted by a combination
of a plurality of the circuit constants is defined, and the
parameter estimation is performed in a unit of the composite
constant.

17. The switching power supply device according to claim
16 wherein the parameter estimation on the basis of the circuit
constant or the composite constant is performed using the
off-line least square method.

18. The switching power supply device according to claim
16 wherein:

the power converter circuit is a step-down chopper circuit

provided with the main switching element which turns
an input voltage ON and OFF, a rectifying element
which is turned ON and OFF complementarily with the
main switching element, and a smoothing inductor and a
smoothing capacitor which smooth intermittent volt-
ages at both ends of the rectifying element;

in the calculation processing circuit, a switching cycle T of

the main switching element, inductance L. of the smooth-
ing inductor, capacitance C of the smoothing capacitor,
the output current lo and the composite constants p and
Vofs defined by the following Formulae (1) and (2) using
a resistance value R of parasitic resistance of the
smoothing inductor are initially set as default values,

T2 (¢8)]

2-L-

p= o
Vofs = T? Rl @
ofs = — o ki
the calculation means periodically updates the composite
constants p and Vofs by parameter estimation during a

power supply operation;
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the parameter estimation is performed by the calculation
means which obtains each value of output voltage sig-
nals Vo(k), Vo(k-1), Vo (k-2), and input voltage signals
Vi(k-2) which are detected values sampled for each
timing t(k), t(k-1) and t(k-2), and obtains each value of
d(k-1) and d(k-2) calculated as the time ratio for each
timing t(k-1) and t(k-2), and calculates the composite
constants p and Vofs with which an evaluation function
J(N) represented by the following Formulae (3) to (5)
including the each value becomes the minimum.

1< 3
J(N) = NZ W1k — p-v2(k) — Vofs)?
k=1
v1(k) = Vo(k) — [2- Volk — 1) — Vo(k — 2)] )
v2(k) = (5)

—Volk — 1) = Volk = 2) + Vitk = 1)-5(k — 1) + Vitk —2) - 8k — 2).

19. The switching power supply device according to claim
18 wherein the calculation means causes slight diffusion and
fluctuation of the ON time and the OFF time determined
through the calculation process for every timing at which the
parameter estimation is performed, and samples each signal
during a period during which the output voltage is fluctuated
by the diffusion fluctuation to perform the parameter estima-
tion.
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